Eleven Staphylococcus aureus clinical isolates were tested for transfer of resistance markers by transduction and filter mating. The resistance markers of six of the strains could be transferred only by transduction; however, the five remaining strains transferred their resistance both by transduction and filter mating. The resistance markers that were cotransferred in filter matings (transfer of resistance to penicillin and streptogramin A was accompanied, in each case, by the transfer of one or more markers, i.e., resistance to aminoglycosides, cadmium, or tetracycline, depending on the donor) were not cotransduced. The ylococcal Diseases, in press). Evidence for the chromosomal location of these genes includes their low frequency of transduction (<1 x 10-9 transductants per PFU) and the absence of extrachromosomal DNA in the transductants. Further evidence was obtained from hybridization experiments with probes consisting of aminoglycoside resistance genes. These probes did not hybridize with the plasmids isolated from the wild-type strains; hybridization with cellular DNA from both the wild-type strains and the plasmid-free transductants supported the hypothesis of the chromosomal location of these genes (13a).
Although the transfer by conjugation of the antibiotic resistance genes in the absence of detectable plasmids occurs in various bacterial genera (4, 7, 18, 20, 21, 23, 24, 34, 36, 44, 49, 50, 56) , reports of such conjugative transfer in staphylococci have so far been limited to plasmid-borne determinants (2, 3, 15, 19, 33, 37, 53, 54) .
We report in this study the transfer by conjugation of apparently chromosome-borne resistance markers from wild-type S. aureus strains into staphylococcal recipients belonging to different species.
MATERIALS AND METHODS
Bacterial strains. The bacterial strains used in this study are listed in Table 1 . The wild-type S. aureus strains were isolated in French hospitals from independently obtained clinical specimens.
Media. BrAin heart infusion broth (BHI; Difco Laboratories, Detroit, Mich.) and BHI agar (Difco) were used for * Corresponding author. bacterial growth, mating experiments, and the preparation of all of the selective media except those containing trimethoprim. Nutrient broth no. 2 (Oxoid Ltd., London, England) and nutrient broth agar (Oxoid) were used for bacteriophage propagation and transduction experiments. Mueller-Hinton agar (Institut Pasteur Production, Paris, France) was used for disk susceptibility tests and preparation of selective media containing trimethoprim.
Mating procedures on agar media. A 0.3-ml portion of a mixture containing 1 x 107 CFU of donors and 10-fold more recipients, both obtained from late-logarithmic-phase broth cultures, was spread either on nitrocellulose filters (type HAEP; pore size, 0.45 ,um; Millipore Corp., Bedford, Mass.), as described by Horodniceanu et al. (20) , or directly on agar plates. After 18 h of incubation at 37°C, the cells on each filter were suspended in 1 ml of BHI, and the suspension was spread on BHI agar or Mueller-Hinton agar containing the appropriate selective drug. Controls, consisting of donor or recipient cells alone, were treated similarly. For two crosses, the donor and recipient cultures were separated during incubation (18 h at 37°C) by a nitrocellulose filter: a filter was placed on the agar and spread with the donor culture, a second filter was placed on the donors, and the recipient culture was spread on the top. The same experiment was also done with the positions of the donor and recipient reversed. The drugs used for selection of the donor markers were cadmium acetate (0.15 ,umol ml-'), erythromycin (5 ,ug ml-'), kanamycin (100 ,g ml-'), streptogramin A (20 jig ml-'), tetracycline (5 ,ug ml-'), and trimethoprim (10 ,ug ml-'). The drugs used for counterselection of bacterial donors were either fusidic acid (25 jig ml-1) and rifampin (100 ,ug ml-') used together or novobiocin (25 ig ml-'), depending on the recipient used. The clones which acquired drug resistance, designated transcipients, were scored after 48 h of incubation at 37°C. The frequency of transfer was expressed as the number of resistant recipients per donor CFU at the end of the mating. The transcipients were purified on media containing the drugs used for their selection, picked onto drug-free agar, and analyzed for unselected markers both by replica plating on appropriate selective media and by the disk diffusion method. The media used for purification and replica plating contained either the same concentrations of antibiotics as those used for selection or higher concentrations in the case of cadmium acetate (0.25 ,mol ml-), streptogramin A (30 ,ug ml-'), and trimethoprim (20 jig ml-'). Unselected markers were tested on media containing gentamicin (20 ,ug ml-'), neomycin (40 ,ug ml-'), or sodium arsenate (8 p.mol ml-'). The disk diffusion method was performed with both commercial antibiotic disks (Institut Pasteur Production) and disks loaded with cadmium acetate (2 x 10-1 pumol), mercuric nitrate (2 x 10-1 ,umol), sodium arsenate (2 ,umol), spectinomycin (100 ,ug), streptogramin A (20 jig), or streptogramin B (40 ,ug) . Penicillinase production was detected by using the chromogenic cephalosporin substrate nitrocefin (Glaxo Pharmaceuticals, France) according to the instructions of the supplier. Broth mating procedures. Ten milliliters of BHI was inoculated with 0.3 ml of a mixture containing the donor and recipient strains, prepared as described above for matings on agar media. After 18 h of incubation at 37°C, the bacterial cells were pelleted and spread on the appropriate selective media as described above.
Transduction procedures. The technique used for transduction was described previously (17) . Transductions were performed either with the S. aureus transducing phage 4i11, 1503, 1305, or 80a, propagated on the donor strains, or with the phage(s) harbored by the donors and induced by UV irradiation (38) . The multiplicity of infection was 1 PFU/10 CFU. The media used for the selection of transductants contained 5 p.g of both fusidic acid and rifampin ml-' and one of the following drugs: cadmium acetate (0.15 ,umol ml-'), erythromycin (5 jig ml-'), tetracycline (3 ,ug ml-'), or trimethoprim (10 ,ug ml-'). The drug-resistant recipients (transductants) were purified and analyzed for unselected markers as described above for transcipients.
Detection of antibiotic-inactivating enzymes. For the detec-162 EL SOLH ET AL.
TRANSFER OF STAPHYLOCOCCAL DRUG RESISTANCE MARKERS tion of antibiotic-inactivating enzymes, a modified Gots test was performed as described previously (10) . Curing procedures. Portions (0.2 ml) of 18-h BHI cultures were inoculated into 5-ml portions of BHI containing increasing concentrations of ethidium bromide (1 to 400 jig ml-') or novobiocin (0.4 to 200 ,ug ml-') and incubated at 45°C for 18 h. Isolated colonies obtained from the cultures grown at the highest subinhibitory concentration of the curing agent were tested by replica plating on media supplemented with the appropriate drugs.
DNase I, calcium, and antiphage serum assays. The sensitivity of filter mating transfer to DNase I (Sigma Chemical Co., St. Louis, Mo.) was tested as described by Jacob and Hobbs (25) . DNase I was added at a final concentration of 100 ,ug ml-, to both the broth media used for donor and recipient cultures and to the media used for matings. Calcium chloride was added at a final concentration of 0.01 M to the broth and agar media mentioned above. For one of the crosses (BM3248 x BM224), a rabbit antiphage serum was added to the donor and recipient cultures before mating. This antiserum, prepared with phage 1339/789, as described by Rountree (46) , contained antibodies specific for S. aureus phages belonging to serogroup F and was shown to inhibit the lytic and transducing activities of the phages(s) carried by the donor strain, BM3248.
Plasmid DNA isolation. Six techniques, including both rapid and large-scale procedures, were used to screen for plasmid DNA in the staphylococcal strains. The rapid procedures were those described by Goering and Ruff (19) , O'Reilly et al. (41), and Portnoy et al. (43) . The latter technique was adapted to staphylococci as follows: the bacterial pellet obtained from 2 ml of an overnight BHI culture was suspended in 40 RI of buffer, lysostaphin (Sigma) was added to give a final concentration of 50 ,ug ml-l, and the suspension was incubated for 30 min at 37°C. Otherwise, the procedures were as originally described (43) .
Three large-scale plasmid isolation techniques were used. The bacterial cells obtained from 200 ml of an overnight BHI culture were treated with lysostaphin and sarcosyl, as described by Novick et al. (40) . The crude lysate was enriched in plasmid DNA either by centrifuging the lysate at 49,000 x g (40) or by shearing and pelleting it on a glycerol cushion, as described by Labigne-Roussel et al. (30) . In the third technique, the bacterial cells, obtained from 100 ml of an overnight BHI culture were harvested and washed once with 0.01 M Tris (pH 7). The washed cells were suspended in 5 ml of the same buffer containing 50 ,ug of lysostaphin ml-'. After 30 min of incubation at 37°C, the suspension was treated with sodium dodecyl sulfate (pH 12.4) and neuttalized. The single-stranded DNA was precipitated as described by Portnoy et al. (43) . Plasmid DNA was further purified in a cesium chloride-ethidium bromide density gradient, as described by Novick et al. (40) . Digestions with restriction enzymes (Boehringer GmbH, Mannheim, Federal Republic of Germany) were performed according to the instructions of the supplier. Gel electrophoresis was performed as described previously (12) .
RESULTS
Background mutation frequencies. In each transfer experiment both the donor and recipient strains were tested for background mutation to resistance to the antibiotics used in the selective media. No resistant mutants appeared when donors were plated on media containing the drugs used for counterselection (fusidic acid and rifampin or novobiocin) or when the recipients were plated on tetracycline. Mutations of recipient strains to erythromycin resistance occurred at a very low frequency (-2 x 10-1o); the mutant clones appeared as dwarf colonies on the erythromycin-containing media. Mutant recipient strains resistant to kanamycin, streptogramin A, or trimethoprim appeared at higher frequencies (2 x 10-9 to 3 x 10-10). The kanamycin-resistant mutants were also resistant to all of the aminoglycosides listed in Table 1 ; most of these mutants appeared as dwarf colonies on the kanamycin-containing media. The streptogramin A-resistant mutants appeared either as dwarf or normal-sized colonies; these mutants did not produce an enzyme inactivating streptograhiin A, as did the donor strains and the corresponding transcipients or transductants (see below). The dwarf mutant colonies selected on each of the three antibiotics were translucent and smaller than the antibiotic-resistant transcipients or transductants (diameters of <0.5 and 1 to 1.8 mm, respectively, after 72 h of incubation at 37°C).
Filter mating transfers and analysis of transcipients. Eleven wild-type strains (Table 1) were crossed on membrane filters with the staphylococcal recipient BM224 or ISP1127 (Table  1) . Media containing kanamycin, streptogramin A, or trimethoprim and, in some cases, cadmium acetate, erythromycin, or tetracycline were used to select the transcipients. For each donor and each selective drug, at least three independent filter mating experiments were performed. The resistance profiles of at least 100 transcipients, recovered from each of the three independent filter mating experiments, were analyzed. When BM3248 was used as the donor, more than 500 kanamycin-resistant transcipient clones, recovered from at least 10 independent mating experiments, were studied. Five of the wild-type donors transferred some of their resistance markers, whereas for the six other wild-type donors no detectable transfer was observed. The transfer frequencies and results of the analysis of the transcipients for 18-h matings are shown in Table 2 . When transcipients were selected on kanamycin, streptogramin A, or trimethoprim, transfer occurred at frequencies varying from 1.8 x 106 to 2.8 x 10-8. For the cross BM3318-x BM224, the transfer frequencies of kanamycin resistance were determined for 2-, 4-, 6-, and 18-h filter matings.
Transfer occurred at a frequency of 3.5 x 10-8 after 2 h, reached a maximum after 4 h (1.4 x 10-'), and then remained constant (1.3 x 10-7 to 1.7 x 10-7). All of the transcipients obtained from a given donor acquired the same set of resistance markers. No transcipients were obtained by selection on cadmium acetate, erythromycin, or tetracycline.
Two of the wild-type strains, BM3248 and BM3318, were also crossed with the staphylococcal recipient strains BM231, 1M3449, BM3319, and BM3302 (Table 1) , and transcipients were selected on kanamycin. For each of these donors, the transfer frequencies varied with the recipient used ( Table 2 ). The transfer frequencies obtained with recipiehts BM3319 and BM3302 were 10-to 100-fold lower than those obtained with the recipient BM224. S. aureus BM3319 was characterized, like the Staphylococcus epidermidis recipient BM3302, by teichoic acid different from that of most S. aureus strains (26) . The transfer frequencies with the recA S. aureus recipient strain, BM3449, were similar to those obtained with BM224. Depending on the donor used, the transfer frequencies with the restrictionless recipient, BM231, were either 10-fold higher than or similar to those obtained with BM224. Analysis of transcipients for unselected markers revealed that the same resistance markers VOL. 30, 1986 Table 3 . When the transductants were selected on media containing erythromycin, kanamycin, streptogramin A, tetracycline, or trimethoprim, the transduction frequencies were very low (2 x 10-9 to 1.5 x 10-10 transductants per PFU). Transfer frequencies were higher when the transductants were selected on cadmium acetate (1.2 x 10-7 to 1 x 10-8). With strain BM3318 as the donor, the transduction frequency for kanamycin resistance was about 100-fold higher, whereas the transduction frequency of cadmium acetate resistance decreased 10-fold when the phage lysate was subjected to UV irradiation. This treatment lowered the PFU by a factor of 10.
When kanamycin was used for selection (Table 3) , two types of kanamycin-resistant transductants were obtained: those which acquired resistance to the aminoglycosides inactivated by AAC(6')-APH(2") (amikacin, gentamicin, kanamycin, netilmicin, sisomycin, and tobramycin) and those which acquired resistance to the aminoglycosides inactivated by APH(3')III (amikacin, kanamycin, lividomycin, neomycin, and paromomycin). The latter transductants also acquired low-level resistance to streptomycin (MIC, 32 to 128 ,ug ml-'). Both types of kanamycin-resistant transductants were also obtained from four (BM3121, BM3152, BM3249, and BM3252) of the six clinical isolates that did not transfer resistance markers by filter matings (data not shown). The enzymes AAC(6')-APH(2") and APH(3')III have recently been characterized in the transductants from strains BM3121 and BM3152 (13a).
As described previously for strains BM3121 and BM3152 (13a), all of the tetracycline-resistant transductants were also resistant to minocycline, and all of the erythromycinresistant transductants were also resistant to spectinomycin.
Transductants resistant to streptogramin A were obtained only when strain BM3385 was used as the donor (Table 3) . 164 EL SOLH ET AL. These transductants could be distinguished from the mutant clones because, like the donor strain, they produced an enzyme which inactivated streptogramin A, as revealed by the modified Gots test.
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Trimethoprim-resistant transductants were selected when strain BM3385 was used as a donor. Two types of transductants were selected, those which were resistant to trimethoprim and penicillin by penicillinase production (Table 3) and those which were resistant to trimethoprim alone. The latter could not be distinguished from the trimethoprim-resistant mutants.
For strain BM3318 (Table 3) , as well as for strains BM3121 and BM3152 (12, 13a) , the transductants selected for cadmium resistance were also resistant to sodium arsenate and produced penicillinase.
For each donor, three transductants obtained on each selective drug used were examined for plasmid DNA content by two large-scale plasmid isolation techniques (30, 43) . Plasmids encoding penicillinase production, as well as resistance to cadmium acetate and sodium arsenate, were isolated from all of the cadmium-resistant transductants obtained from strains BM3121, BM3152, and BM3318. These plasmids had the same size (22 kb) and the same restriction pattern whether they were digested by EcoRI, BglII, or HindlIl (data not shown). The donor strains also harbored plasmids with the same restriction patterns (10, 12) as those isolated from the transductants (data not shown). No plasmids could be detected in any of the other analyzed transductants selected on erythromycin, kanamycin, streptogramin A, tetracycline, or trimethoprim.
Filter mating retransfers. For the five wild-type strains that transferred resistance markers by filter matings (Table 2) , at least three transcipients and three transcipients selected on kanamycin or trimethoprim were used as donors in a second round of transfer with the recipient strain, ISP1127 or BM224. The transcipients used as donors retransferred their resistance markers by filter matings, with frequencies similar to those obtained in the first round of transfer with the wild-type donors. Retransfer occurred in the absence of detectable prophages in the transcipients. Whereas all of the transcipients studied retransferred all of the resistance markers acquired from the wild-type strains, none of the transductants retransferred any of its resistance markers by filter mating.
Effect of various conditions on transfers. Various mating conditions were studied to elucidate the mechanism involved in filter mating experiments. Three wild-type strains were mated with the recipient strain BM224, with kanamycin used for selection. Based on the number of kanamycin-resistant clones, either all or at least 100 clones were tested for their resistance pattern (Table 4) .
When the crosses were done directly (without the membrane filter) on an agar medium, the transfer frequency for kanamycin resistance was 100-fold less than that obtained by filter mating (mating 1). Analysis of the kanamycin-resistant clones showed that 5% had the same resistance profile as VOL. 30, 1986 165 that of the kanamycin-resistant transductants (Table 3) , whereas the other 95% resembled the transcipients obtained by filter mating (Table 2) .
When the matings were carried out on a filter, the addition of calcium (0.01 M), which is known to enhance phage adsorption (47) , had no effect either on the kanamycin resistance transfer frequencies or on the phenotype of the kanamycin-resistant clones (mating 1). In contrast, in the absence of a filter, the addition of calcium lowered the transfer frequencies 1,000-fold and all of the kanamycinresistant clones had the same resistance patterns as those of the transductants (matings 1 and 2). In mating 3, although no transfer could be detected by filter matings, a few kanamycin-resistant clones with a resistance profile similar to that of transductants (13a) could be detected when matings were performed on agar medium supplemented with calcium and without a filter.
For the donor BM3248, the addition to the agar media of an antiphage serum, which inhibited the lytic effect of the phage harbored by this strain, had no effect on the frequency of kanamycin resistance transfer by filter mating. No transfer could be detected in the presence of this serum when the same mating (mating 1) was carried out on agar media supplemented with calcium and without a filter.
The presence of DNase I in the media had no effect on the transfer frequencies in filter matings (matings 1 and 2).
No detectable transcipients were obtained when donor BM3248 or BM3318 was mated with strain BM224 on agar media with an interposing filter and in broth media (matings 1 and 2) or when viable donor cells were replaced either by the sterile filtrates of the donor cultures or by the UVinduced phages harbored by the wild-type donors (matings 1 and 2; data not shown in Table 4 (9) , the absence of plaque-forming bacteriophages does not exclude the possibility that a cryptic transducing particle is present in the donor; these investigators also reported that RN450 (39), the parental strain of the derivative mutants BM224 and ISP1127, might be lysogenized with defective phages. Even if defective phages were involved in the genetic transfer by filter matings, our results suggest that they do not transduce the same DNA fragments as those transduced by known S. aureus transducing phages.
All of the results reported here suggest that conjugation, requiring close cell-to-cell contact, may be the mechanism involved in the transfer of antibiotic resistance markers by filter matings. Until now, transfer of staphylococcal resistance markers by filter matings has been attributed to conjugative plasmids (2, 3, 15, 19, 33, 37, 53, 54) . In this study, conjugative plasmids were not detected in either the donors or the transcipients. Since plasmids larger than 60 kb (33) have not been isolated from staphylococci, the available techniques may not be sensitive enough for the detection of larger plasmids. Possibly, large conjugative plasmids were present in the S. aureus clinical isolates studied, but were not detectable even with techniques adapted for the isolation of large plasmids (30, 43) .
The same resistance markers that transferred by filter matings were transduced at low frequencies (<10-9/PFU).
The transduction frequencies increased when the PFU of the phage lysate was decreased by UV irradiation in an Arber experiment (1). Although these results suggest a chromosomal location of the genes, a plasmid location cannot be excluded, because the same response in Arber experiments has recently been described for plasmid transduction (9) . In curing experiments, the aminoglycoside resistance markers carried by the wild-type strain BM3248 and all of the markers acquired by filter mating of one of the transcipients were lost spontaneously at low frequencies (13 and 9%, respectively). The frequency of loss of the markers of the transcipient was not affected by treatment with ethidium bromide. However, the resistance markers that transferred by filter matings were stably maintained in the two other wild-type strains studied (BM3318 and BM3385), as well as in the corresponding transcipients. The use of curing as a criterion to establish the plasmid location of genes remains open to question because all attempts to cure the 22-kb penicillinase plasmid harbored by some donors failed and spontaneous loss of chromosomal antibiotic resistance markers has been reported for a group A streptococcal strain (32) .
If conjugative plasmids do not exist as autonomous replicons in the staphylococcal strains described here, they, nevertheless, may be present but integrated into the chromosome, as previously suggested for streptococcal strains (20, 23) . The chromosomal integration of an entire plasmid, pI258, has been reported for staphylococci (47) . This integration occurred after cointegration with prophage 4i11; the resulting recombinant plasmid, pI258-iollde, was recently shown to be capable of autogenous transduction in the absence of both a helper bacteriophage and detectable plaque-forming bacteriophage (8) . This plasmid was found to be integrated in the chromosome of the transductants (8) . The presence in the strains studied here of a chromosomal element similar to p1258-4lde is unlikely, because transduction did not appear to be involved in the filter mating transfers.
The transfers by filter matings observed here could also be mediated by chromosomally integrated conjugative transposons similar to Tn9O6 (28), Tn918 (5) , and Tn919 (14) or to other types of translocatable elements, such as those described by Le Bouguenec et al. (32) . All 
